Ultraviolet (UV) observations are essential for meeting operational requirements for space weather specification. Such observations provide valuable information about neutral and ion density variations in the Earth's upper atmosphere. However, the resources required to support the necessary ultraviolet sensors are significant. Current operational sensors measure the limb profiles by mechanically scanning the field-of-view across the limb. This mechanical scan mechanism requires significant power, has a potential for failure, and the high counting rates during observations near the peak of the limb profile require high speed detectors to accommodate the counting rates when using the high sensitivity sensors. Also, the attitude information and stability needed for accurate limb profiles are more difficult on smaller spacecraft and require considerable resources. This paper describes an instrument that can provide limb observations of the UV airglow by aligning the slit perpendicular to the limb. To measure the limb profile without scanning requires a combination of wide field-of-view and high spatial resolution which previous instruments have been unable to provide. This approach would require significantly less resources (power, weight, etc.) than current sensors, while providing similar performance.
INTRODUCTION
Measurements of the atmospheric emission profile can be used to improve our understanding of the neutral and ion densities in the Earth's space environment. Observations are needed to validate research models and as input for operational models of the space environment. The need for such data has led to the flight of scientific and operational sensors for ultraviolet (UV) observations (for example: instruments on the DMSP and TIMED satellites).
In the daytime UV observations are sensitive to the relative and the absolute neutral densities. Both are important for space weather applications. Variations in the relative neutral density (O/N 2 ) cause differences between observed and calculated ion densities 1 . These same changes in the neutral density ratio will produce changes in both the daytime and nighttime ionospheric densities. Recent work 2, 3 has shown large changes in the O/N 2 ratio due to storm time effects, which are consistent with the analysis of daytime UV measurements 4 . Understanding changes in the neutral density is important for understanding the Earth's upper atmosphere.
At night the measured brightnesses depend directly on the ionospheric densities. Density depletions in the equatorial region, where degradation or loss of radio frequency signals can occur, are observable. Therefore, UV observations are potentially valuable for efforts to predict or specify outages in communications or navigation systems.
Current UV sensors, such as those used on the DMSP satellite, measure the emission profiles by mechanically scanning the field-of-view (FOV) across the limb. The mechanical scan mechanisms require significant power, are a source of substantial risk, and the high counting rates during observations near the peak of the limb profile require high speed detectors to accommodate the counting rates when using high sensitivity sensors. Also, the attitude information and stability needed for accurate limb profiles are greater than would be necessary when using a system without a mechanical scanning mechanism.
To measure the limb profile without scanning requires a combination of wide FOV and high spatial resolution which previous instruments have been unable to provide. This approach would require significantly fewer resources (power, weight, etc.) than current sensors, while providing equal or better performance. From a low Earth orbit such observations would complement the currently scheduled UV imagers and potential UV imagers at geostationary orbit. The instrument discussed in this paper, HIDEN (Height Information for Densities of Electrons and Neutrals), can provide limb observations of the UV airglow by aligning the slit perpendicular to the limb. The limb viewing geometry from low Earth orbit is illustrated in Figure 1 ; however, the instrument could readily operate in a higher orbit. The performance requirements and goals for the HIDEN instrument are listed in Table 1 . Figure 1 . HIDEN is an imaging spectrometer designed to observe the variation in brightness from the Earth's limb (the object) at altitudes between 100 and 600 km. The object is imaged in the y-direction and spectrally dispersed by a diffraction grating in the x-direction. 
PREVIOUS SPECTROGRAPHIC IMAGERS
The UV spectrographic imagers on recent scientific and operational satellites have been in orbits with altitudes of 625-850 km. Lower orbits may not be above the peak of the nighttime F region, and measurements of this region have been one of the motivations for flying the instruments. Higher orbits would be above those used for recent operational satellites (e.g. the DMSP satellites). Therefore, orbits with altitudes of ~840 km are likely to be used for future flights since changing the altitude significantly the impacts some operational sensors.
Two types of spectrographic imagers have been flown on recent missions. Instruments such as the Global Ultraviolet Imager (GUVI) on the NASA TIMED (Thermosphere Ionosphere Mesosphere Energy and Dynamics) satellite and the Special Sensor Ultraviolet Spectrographic Imager (SSUSI) on the DMSP satellite observe the Earth's limb and disk. 5, 6 Such instruments emphasize providing information across the path of the satellite. Another type of instrument, such as the Low-Resolution Airglow and Aurora Spectrograph (LORAAS) on the Advanced Research and Global Observation Satellite (ARGOS) or the Special Sensor Ultraviolet Limb Imager (SSULI) on the DMSP satellite, emphasize providing limb observations along the track of the satellite. 7 Additional details for these instruments are given in Table  2 . Other UV spectrographic imagers, e.g. the Remote Atmospheric and Ionospheric Detection System (RAIDS), have similar spatial and spectral resolution capabilities. 8 From an altitude of 840 km, a FOV of approximately 15 degrees is needed to provide the necessary coverage of the limb. All of the instruments discussed have significantly smaller FOVs which are scanned mechanically to provide observations of the limb. While the SSUSI FOV is ~12 degrees in one dimension, the spatial resolution along the slit is not sufficient for the desired limb observations. Table 2 . Characteristics of previous UV spectrographic imagers. 
CONCEPTUAL DESIGN AND OPTICAL PERFORMANCE CRITERIA
The current GUVI and SSUSI instruments 5, 6 are two-element designs. A two-element design was thus considered first. This system used a telescope mirror to collect and focus the UV radiation on the spectrograph slit, and a concave grating to disperse the radiation and re-image the slit onto the detector. The entrance pupil (aperture stop) was imaged onto the grating by the telescope mirror, and the slit was imaged onto the detector by the concave grating. The two element design was unable to satisfy the performance requirements even with a 15 mm X 15 mm aperture and aspheric toroidal (bi-conic) surfaces on both the telescope mirror and the concave grating.
A three-element conceptual design consisting of a telescope mirror which collects the UV radiation and focuses it upon the spectrograph slit, a collimating mirror, and a concave grating to disperse the radiation and re-image the slit onto the detector was then evaluated. The basic configuration is illustrated in Figure 2 . This configuration provides additional design variables and results in a larger system focal ratio, both of which help to reduce aberrations and improve system performance. A long sunshade is also incorporated into the design. Figure 2 . Three-element conceptual design consisting of a telescope mirror which collects the UV radiation and focuses it upon the spectrograph slit, a collimating mirror, and a concave grating to disperse the radiation and re-image the slit onto the detector.
In order to proceed with detailed quantitative performance evaluation and design evolution, we defined the spatial (angular) resolution as the angular separation of two point sources such that their separation in the detector plane is equal to the width of a one-dimensional rectangle (in the spatial dimension) containing 70% of the energy in one of the images. Similarly, we defined the spectral resolution as the difference between two wavelengths, , such that the images of a point source at those two wavelengths would be separated on the detector by an amount equal to the width of a onedimensional rectangle (in the spectral dimension) containing 70% of the energy of one of the images.
PERFORMANCE ANALYSIS AND DESIGN EVOLUTION
The Zemax optical design code was used for performance evaluation and design evolution. The tilt angles of the reflective components were reduced as much as mechanical constraints (e.g., mounting of the detector and entrance slit) would allow in order to minimize aberrations. We eliminated bi-conic surfaces as this would permit fabrication techniques resulting in smoother surfaces and less scattering at the ultraviolet wavelengths of interest. The design was optimized to balance the spatial and spectral resolution in a way that would allow both requirements to be met. We evaluated both traditional ruled and custom variable-line-spaced (VLS) gratings, the latter of which were designed in Zemax as part of the optimization process. Our three-element preliminary design is illustrated in Figure 3 . This design utilizes a toroidal concave grating, and the corresponding system and individual component parameters are listed in Table 3 . A second design utilizing a spherical VLS grating has the same basic layout, and its system and individual component parameters are listed in Table 4 . . Three-element preliminary design consisting of a spherical telescope mirror which collects the UV radiation and focuses it upon the spectrograph slit, a toroidal collimating mirror, and a toroidal concave grating to disperse the radiation and re-image the slit onto the detector. Table 3 . Spectrograph System and Component Parameters (toroidal grating). Table 4 . Spectrograph System and Component Parameters (VLS grating).
OPTICAL PERFORMANCE PREDICTIONS OF PRELIMINARY DESIGN
The resolution calculations were performed using a combination of Zemax and Matlab. For each wavelength and field angle, a geometric image analysis was done and the resulting ray density (spot diagram) data was saved, imported into Matlab, and converted into a geometric point spread function (density of ray intercepts). A convolution with the image of the slit in the detector plane was then performed to produce the geometric point spread function on the detector which included the effect of the slit. The spatial and spectral resolutions were then calculated for various wavelengths and field angles using our definitions as described in section 3.0. 
Goal
Figures 6 and 7 show the spatial and spectral resolution respectively for our preliminary design which utilizes a spherical VLS grating. The results are similar to the first design. The spatial resolution results again meet the goal for all wavelengths across the entire FOV. Similarly, the spectral resolution results meet the goal over much of the FOV, and meet the requirement except near the edge of the FOV for wavelengths below 160 nm. 
Requirement be made smoother than that of the toroidal grating, and would produce less scatter from surface roughness.
MODELED MEASUREMENTS
To provide a better understanding of the measurements from the instrument described in the previous sections, calculated signals for some of the commonly measured emissions are shown in Figures 8-10 . These plots show limb profiles (in counts/s) of airglow emissions from atomic oxygen (130.4 and 135.6 nm) and molecular nitrogen (Lyman-Birge-Hopfield, LBH, bands) in the daytime, and from atomic oxygen (135.6 nm) at night. The LBH short band includes 140-150 nm emissions from molecular nitrogen and the LBH long band includes 160-170 nm emissions. The conditions are equinox, low solar activity (F10.7 = 100), and low geomagnetic activity (Ap = 0). The satellite was at 400 km altitude at (35 N, 70 W) and the instrument was looking at an azimuth of 285 (that is, 15 north of due west). The central pixel of the slit was oriented toward a zenith angle of 101 . Under these conditions, tangent altitudes of 387 km to 50 km, are observed. The count rates are based on a reflection efficiency of 0.85 for each mirror, a grating efficiency of 0.3, a detector with a peak efficiency of 25% (falling to 10% at the longest wavelength), and a slit width of 0.25 mm.
SUMMARY
A scanless imaging spectrometer for providing height information of densities of electrons and neutrals (HIDEN) as a function of altitude in the Earth's limb has been described. A three-element preliminary design which is capable of achieving a spatial (angular) resolution of less than 0.2 degrees over a 15 degree FOV and a spectral resolution range of 130 nm < < 170 nm has been achieved. Detailed performance evaluation curves indicate that a spectral resolution of less than 0.3 nm is achieved over the entire spectral range of interest for field angles -5 degrees < < 5 degrees, and less than 0.4 nm over the remaining five degrees of the non-symmetrical 15 degree FOV (-10 degrees < < -5 degrees) for wavelengths greater than 160 nm.
The preliminary remote sensor design allows a 400 mm 2 collecting aperture and can be packaged in a 300 mm long instrument which includes a 150 mm long sunshade for stray radiation control. Utilizing a variable-line-space (VLS) holographic grating should allow us to achieve the above performance with a spherical concave grating that will result in less surface scatter from these short ultraviolet wavelengths.
This scanless imaging spectrometer design will provide equal or better performance while requiring substantially less resources (power, weight, etc.) and operating more reliably than current designs with external scanning mirrors and their associated mechanisms.
The analysis shows that the necessary combination of wide field-of-view and high resolution needed to measure the limb profile without mechanical scanning is feasible in a relatively compact instrument design. This approach would require significantly less resources (power, weight, etc.) than current sensors, and is capable of better performance. 64 Proc. of SPIE Vol. 5660
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